Spin transfer torques in nonlocal lateral spin valve 



OO 

o 
o 

C 



c3 



c 

o 

(N 
> 

o 

rn 
O 
OO 

O 



X 



Yuan Xu, 1 Ke Xia, 1 and Zhongshui Ma 2 

1 Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China 
2 School of Physics, Peking University, Beijing 100871, China 
(Dated: June 16, 2008) 

We report a theoretical study on the spin and electron transport in the nonlocal lateral spin valve 
with non-collinear magnetic configuration. The nonlocal magnetoresistance, defined as the voltage 
difference on the detection lead over the injected current, is derived analytically. The spin transfer 
torques on the detection lead are calculated. It is found that spin transfer torques are symmetrical 
for parallel and antiparallel magnetic configurations, which is different from that in conventional 
sandwiched spin valve. 
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I. INTRODUCTION 

Because of increasing interests in nano-structures with 
a spin degree of freedom incorporated, the local spin valve 
(LSV), where a layer of normal metal (NM) or insulator 
is sandwiched by two layers of ferromagnetic metal (FM) , 
has been considered as the prototype of experimental 
setup for demonstration of spin dependent effects, such as 
GMRfi magnetization switching^i&i etc. However, it is 
not easy for precisely analyzing the spin transport based 
on LSV in experiment. The reason is that, accompanying 
the electrical current flowing across the detection ferro- 
magnetic contact, the spurious effects such as anisotropy 
magnetoresistance and Hall effect due to the FM contact 
are also involved^ This problem can partially removed 
by using nonlocal lateral spin valve (NLSV), where only 
spin current flows across the detection FM contact £ Re- 
cently, several experiments of metallic spin injection and 
detection had been carried out on NLSV^&^&i&iiil 2 - 
From these experiments, important parameters of spin 
transport, such as spin diffusion length, are obtained^ 

However, most of those experiments focused on 
collinear magnetic configuration, in which the magne- 
tization of injection source and detection drain are ar- 
ranged to be parallel or antiparallel. On the other hand, 
the noncollinear spin transport in LSV has been studied 
extensivel y 14 i 15 ' 16 i 17 ' 18 i 19 and reveals interesting physics, 
such as spin transfer torques (STT) and related magne- 
tization switching. Little effort has been put on the non- 
collinear spin transport in NLSV so far. For NLSV, it is 
interesting to know whether or not we can also obtain siz- 
able STT, and how the spin current behaves when carried 
by the diffusion of spin instead of the electrically assis- 
tant drift of spin. Recently, the current induced mag- 
netization switching was realized in NLSV, 20 which gave 
a strong evidence of the presence of STT effect even in 
NLSV. 

In this paper, by combining the diffusion equation 
and the magnetoelectronic circuit theor y 21 i 22 we investi- 
gate theoretically the spin transport in NLSV with non- 
collinear magnetic configurations. The angular magne- 
toresistance (AMR) in NLSV is discussed for systems 
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FIG. 1: Experimental set up of NLSV, where L denotes the 
edge to edge space, 9 is the relative angle between the mag- 
netization of the two FM leads and A,B,C,D denote the elec- 
trodes connecting outer circuit. I gives the electron (particle) 
current. 



with metallic FM/NM contacts and tunnelling contacts. 
It is also shown that because of the spin accumulation at 
the normal metal side of FM/NM contact, STT could be 
acted on the ferromagnet. When the length of NM stripe 
is less than the spin diffusion length in NM, we found that 
STT in NLSV is comparable with that in LSV. The an- 
gular dependence of the torques is qualitatively different 
from that in LSV. 

The paper is organized as follows. In Sec. II, the theo- 
retical frame for dealing with the non-collinear transport 
in NLSV is presented and analytical expressions for both 
AMR and STT are derived. In Sec. Ill, we calculate the 
AMR and STT in the NLSV, the properties of torques 
and voltage difference across the FM/NM junction are 
discussed. Finally, we summarized our paper in Sec. IV. 



II. THEORY DESCRIPTION AND MODELS 

FigQ]is the schematic of the NLSV experiment setup. 
It consists of one NM lead and two ferromagnetic leads 
FM1 and FM2. These two ferromagnetic leads are sepa- 
rated by a length L and are aligned parallel to each other. 
Experimentally, the current I is injected from FM1 and 
flows out from the left end of NM. In this work, the di- 
rection of electrical current I a is defined along the direc- 
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tion of the electron (particle) current. After the injec- 
tion, the spin is accumulated in the NM lead. The diffu- 
sive spin spreads over the region in the NM lead between 
the two FM/NM contacts. A voltage difference V across 
FM2/NM contact could be built up££ For the different 
configurations of magnetization arrangements, i.e., with 
different 9 in FigfTJ the spin-accumulation induced volt- 
age across FM2/NM contact is angle-dependent(V(#)). 
It can be measured by the nonlocal AMR defined as 
R(6) = V(6)/I . 



A. Theoretical frame of transport in NLSV 

The transport theory in a NLSV should include three 
parts, the transport in FM, NM resistors and across the 
FM/NM contacts. As the dimensions of FM and NM 
resistors in NLSV typically are much larger than electron 
mean free path, the transport can be described by the 
diffusion equation in terms of the spatially dependent 
electrochemical potential^ 

In spin polarized system, besides the electrochemical 
potential uq (x) = u c h(x) — e(f>(x) where u c h gives the 
chemical potential and 4> gives the electric potential(— e 
denoting the electron charge) , it is necessary to introduce 
a quantity u s (x) accounting for the spin accumulation in 
the system . 21 i 22 The direction of u s (x) denotes the direc- 
tion of spin accumulation in spin space and the magni- 
tude of u s (x) gives the energy splitting of the two spins 
in local coordinate system. In principle, the direction of 
u s (x) in the normal metal is arbitrary and need to be de- 
termined by boundary conditions. In a ferromagnet, the 
spin accumulation reads uf (x) = m(uf (x) — uf (x)), 
where m is an unit vector along the magnetization in FM 
and uf^ (x) is the electrochemical potential of majority 
(minority) spin in the local coordinate system where the 
quantized axis is parallel to the magnetization. 

Transport in FM: As the spin decoherence length 
is of the order of lattice constants in conventional 
ferromagnet) 2 ^ only the components which are parallel or 
antiparallel to the magnetization direction m in FM can 
survive. Therefore, the electrical and the spin currents 
in FM region are^e ( x ) = -(S F /e)(afV x uf (x) + 
afV x uf(x)) and if (x) = -(S F /e)V x (a F uf (x) - 
erf uf (x))m. Here the transport is assumed to be along 
x axis, S F is the area of the cross section in FM and 
denotes the conductivity for majority (minority) 
spin channel. The bulk parameters, such as conductivity 
a, are assumed to be spatially uniform in this study. 

Correspondingly, with conservation of electrical cur- 
rent if , the continuity equations of the spin current are 25 
V x Jf (x) /S F = -e£ T (uf (x)-u F (a:))/r n +^(«f (x)- 
u F (x))/ ni and V X I F (x)/S F = -e^(uf (x) - 

Uq (x))/ni + e £t( M f (x)-v£ (x))/t u , where £ TU) is the 
density of states per unit volume at Fermi level for sin- 
gle spin, Tf j and rj.f are the spin-flip scattering time for 
majority and minority spins. 



Inserting the expression of spin current into the con- 
tinuity equations and with detailed balance £t/ t TJ. = 
£|/ T !ti we obtain the conjugated diffusion equations for 
uf (x) and uf (x) in ferromagnetic metal as 

V 2 uf (x) = uf (x) /D r r n - uf (x) /D rm , (1) 

V 2 < (x) = -uf (x) /D ini + uf (x) /D inh (2) 

where -Dj(j.) is the diffusion constant for majority (mi- 
nority) spin and relates to &fn\ via the Einstein relation 
Of(n = e2 £.U.l)Dm)^ Solving the diffusion equations, 
we obtain the spin-resolved electrochemical potential in 
FM 25 

(:;g) = (I+fe) (0 +ew ' f '( : F') 

+De-K, I _"J;^ ) , (3) 

where A, B, C, D are constants to be determined by 
boundary conditions, and Iff is the spin diffusion length 

in FM given by [(D^^ + (D^)- 1 ]' 1 ' 2 . 

Transport in NM: The electrical and spin cur- 
rents in NM are also governed by the diffusion equa- 
tion as 2 ! J^(as) = -{a N /e)S N V x u$ (as) and If (as) = 
~{<r N /2e)S N V x u^ (x). S N is the cross section of NM 
and a N is the conductivity of NM. Conservation of elec- 
trical current requires \/ x I^ (x) = which leads to 
V 2 uf (x) — 0. Experimentally, the sample length of NM 
is always comparable or longer than spin diffusion length 
in NM. Therefore, the spin-flip scattering can not be ne- 
glected. The continuity condition of spin current in NM 
reads (l/S N ) V^If (x) = -e (£ N /2) uf (x) /t%, where 
£ N is the total density of states per unit volume at Fermi 
level in NM and rj^ is the spin relaxation time in NM. 
With the current and continuity equation, the diffusion 
equation for uf (x) reads 

V 2 uf (z)=uf (x)/(l^, (4) 

where = {D N t^) 1 / 2 is the spin diffusion length in 

NM. D N is diffusion constant and related to a N via 
cr = e 2 ^ N D N . Solving the diffusion equation, the spin 
accumulation in the NM can be written in the form as 

uf (x) = Ee x/i "/ + Fe" x/i "/ (5) 

where E and F are the constant vectors depending on 
the boundary conditions. 

Transport across FM/NM: In the absence of the 

interfacial spin-flip scattering, the electrical current Iq F 

N I F 

and the spin current l s across the FM/NM contact, 
which are evaluated at the NM side, can be written in 
terms of electrochemical potential and spin accumulation 
in linear response regime as 21 
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+ i(Gf-Gf)(m.uf (xj)-uf (xj)) (6) 

and 

el^ = m[(G\-Gl)(u»(xj)-uZ(xt)) 
-\{G\ + G\)u F s (xj) 

-i(2ReG| i -G{-Gf)m.uf (xj)] 
+ReGf uf (xj) - ImGf m x uf (2:7) , 

(7) 

where u F (xj) = (wf (xj) + uf (xj))/2, the index 'I' 

refers to the contact, Xj ' denotes the position in the 
immediate vicinity of the contact at the FM(NM) side. 
GLjn is the conductance of FM/NM contact for the ma- 
jority (minority) spin, and the complex quantity Gf 
is the mixing conductance describing the non-collinear 
transport^ In a metallic system, the imaginary part of 
Gf is usually two orders less than the real part^H and 
will be neglected in this work. 

Boundary conditions: In the steady state, the 
charge accumulation across the FM/NM contact is invari- 
ant, which leads to the conservation of electrical current 
across the contact as 

% (xj) = = Ii (xj) . (8) 

The transverse spins injected into FM are suppressed in 
the scale of spin decoherence length 2 ^ and the component 
of spin accumulation collinear with magnetization direc- 
tion m of FM should keep invariant in the steady state, 



which gives the conservation of spin current collinear with 
magnetization across the contact as 

m (m • If (,7)) = m (m ■ 1^) = if (xj) . (9) 

In the adiabatic approximation, the suppression of 
non-collinear part of spin current, in turn, results in the 
angular momentum to be transferred into the local mag- 
netic moment in FM. As the consequence, the STT on 
the ferromagnet generated by the spin current can be 
expressed as 



T = -|-[lf |F -m(m.lf^)]. (10) 

STT could raise an additional term in the Landau- 
Lifshitz- Gilbert equation as dtHi\ STT = — jpy T, where 
7 > is the gyromagnetic ratio and M s is the magnitza- 
ton and V is the volume of the ferromagnet. 

B. The nonlocal AMR and STT 

To consider the nonlocal AMR defined as V(0)/I o , 
with the current I Q in FM1 as input condition we need 
to know the voltage over FM2/NM contact. By solving 
the diffusion equations with the boundary conditions, the 
spatial distribution of electrochemical potentials in FM 
and NM resistors can be obtained. For FM2 lead, the lo- 
cal electrochemical potential far from the FM2 /NM con- 
tact (x —>■ 00) gives the experimentally measured voltage 
across the FM2/NM as V — u F (oo)/(-e), where the zero 
potential set at the NM side of FM2/NM. Then, the an- 
gular dependence of the nonlocal AMR can be obtained 
analytically as 



R(9) 



2R 



N e 



-L/l', 



e -2L,l» _ n 2 =i(2j7 / + 2v F + + sin 2 9[1 e 2L/l 3j ^^pf + !)]-! Ul^vl + H ~ M ) ' 



(11) 



where the subindex i — 1(2) denotes ferromagnetic 
lead FM1 (FM2) and the corresponding contact FM1 /NM 
(FM2/NM). We have introduced three dimensionless 
quantities, rj 1 = R 1 /[(l - (P Z ) 2 )R N ], r] F = R F /[(1 - 
(a F ) 2 )R N ], and p 1 = (2ReG{ i )- 1 /i? JV , with interfacial 
resistance R 1 = (G{ + Gf)' 1 , R F = l F f /{a F S F ) and 
R N = l^ f /(a N S N ) are the resistances in FM and NM 
within the range of non-equilibrium spin accumulation 
relaxations length. P 1 = (Gf - Gj)/(Gf + G\) is the 
polarization across the contact. a F = a F + erf and 
a F = (erf — erf) /(erf +<xf) are the conductivity and po- 



larization in the ferromagnet, respectively. For the cases 
of 6 = or 9 = 180°, Ea.lfll]) reduces to previous result 26 
exactly. 

The angular dependence of R(6) is introduced by the 
cosine function on the numerator and the term contain- 
ing sin 2 6 on the denominator. As will be illustrated in 
the next part, the cosine function gives the configura- 
tion symmetry between the two leads while the sin 6 
related term describes the noncollinear transport across 
the FM/NM contact. If FM/NM contact does not dom- 
inate the transport of the circuit, sin 2 9 related term will 
not give obvious effect on the angular dependence and 
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R(9) takes the form of cosine function. 

According to Eq. lfTTj) . the increase of interfacial po- 
larization P 1 and ferromagnetic polarization qj? could 
increase AMR, as in this case the injected spin accumu- 
lation in NM resistor could be enhanced. In the limit of 
heavy spin-flip scattering in NM resistor, namely — > 0, 
Eci. (fTTj) gives the vanishing AMR, which is expected as 
the spin accumulation is completely consumed in NM re- 
sistor. 

The analytical result obtained in Eq. fTTj) is universal 
for the diffusive metallic systems without spin-flip scat- 
tering at contacts. For a special case with tunnelling con- 
tacts (e.g., with several oxidant metallic layers located at 
contact^), the transport properties of system are domi- 
nated by the contact as R 1 » R N (R F ),which means 
J] 1 >> Tj in our formulism. Then, AMR for tunnelling 
contact is found to be 



R(0) = - 2 - 



P[PiR N e' L/l ^cose 



S m^[l-e 2L /^nli(2pf + l)]- 



(12) 

For any type of contact, following Eq. (fl~0|) . the STT 
exerted on FM2 is obtained formally as 



t = -— ReG^ma x uf (x h ) x m 2 , 



(13) 



where 1112 denotes the direction of magnetization in FM2, 
(xj) is the spin accumulation at the NM side of 



FM2/NM. According to Eq.(H3J), the STT on FM2 is 
proportional to the spin accumulation, which restores the 
form of STT in LSV.— The magnitude and the direction 
of spin accumulation in NM should be solved with the 
help of the boundary conditions both at FM1/NM and 
FM2/NM contacts. 

STT r given in Eq. (fT3|) could be formally rewritten as 3 



-6(9)I (m 2 x mi x m 2 ), 



(14) 



where I is the electron current and 6(9) yields an effec- 
tive spin torques, which directly scales the critical cur- 
rent of magnetization switching and switching time in 
dynamics^ The analytic expression for 6(9) read as 
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FIG. 2: (color online) Angular dependence of AMR in NLSV, 
(a) for metallic contact with different space L, (b) for tun- 
nelling contact with L — 200nm. 



and 



n 



-[l-e 2 ^n(2p[ + l)]x(P 2 ^ + af^) 

i=l 

x[l-(2p I 2 + l)(2r l I 1 +2r,[ + l)e 



(17) 



As we can see, for 6(9), the angular dependence comes 
only from the term R(9)/cos9. As the numerator of R(9) 
also has a term of cos9, the angular dependence of 6(9) 
is only determined by sin 2 9. Obviously, 5(0°) exactly 
equals to (5(180°), which is quite different from that in 
conventional FM spin valve. Such symmetry comes from 
the fact that no electric current flows in FM2 lead. De- 
tailed analysis will be given in the next part. 



v ' 2e n cos(9) 



(15) 



where the angular independent coefficient T = 2 ( o 2 '<f>/il, 
where 



$ = i + e ^/lZ Y[( 2 pj + 1)(2 V ( + 2ryf + 1) 
i=i 

2 

-e 2L / l °f ]J(2p{ + l)(2r?j + 2r,f + 1) (16) 



III. NUMERICAL RESULTS AND DISCUSSION 

The AMR of NLSV could be directly measured in ex- 
periments and be used to test our theoretical predic- 
tion. For the non-collinear NLSV we considered, the 
permalloy is taken as the ferromagnetic leads while the 
cooper as normal lead. The material parameters enter- 
ing our formulism adapt the values extracted from the 
experiments ! 28 ' 29 The parameter G 1 ^ for the Py/Cu con- 
tact follows that in Refd For tunnelling contact, ac- 
cording to ab. initio calculation 30 the contact resistance 
could be taken 11 times that of metallic contact for thick 
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FIG. 3: (a)Angular dependence of the relative angle a be- 
tween the direction of uf (£j 2 ) and rri2. (b) Angular depen- 
dence of the magnitude of (xj ) normalized by the injected 
current I . 



FIG. 4: (color online) (a)Side view of local spin valve 
and equivalent circuit of collinear magnetic configuration, 
(b) equivalent circuit of collinear magnetic configuration for 
NLSV, where A,B,C correspond to the same points in Fig[T] 



barrier and the mixing conductance Gj^ is almost un- 
changed. The contact area of FM2/NM is assumed to 
be constant with variation of 9. The two ferromagnetic 
leads are also assumed to be identical. 

AMR in NLSV: The AMR with different distance 
L between FMl and FM2 is shown in FigJ^a) for metal- 
lic contact. It is found that the absolute value of R(9) 
decreases with increase of L. This is due to the fact that 
the spin-flip scattering could kill the spin memory in nor- 
mal metal. With increasing L, the spin accumulation at 
the NM side of FM2/NM contact decreases. For metal- 
lic system, the dimensionless parameters r\ l , r) F , and p 1 
are always less than unit. Therefore, the third terms in 
denominator in Eq. ljlip can be neglected compared with 
other two terms. As the consequence, AMR is govern by 
the nominator of Eg. pip , and gives a cosine line shape 
of R(9), which was discussed by Levy et al.j^I recently. 

Fig^b) presents the AMR with tunnelling contact, 
where L = 200nm. Because the spin transport is domi- 
nated by contact, the line shape shows a very difference 
from that with a metallic contact. Such variation of line 
shape of AMR implies that R(9) decreases more quickly 
in tunnelling contact when FMl and FM2 in noncollinear 
configuration. The reason is that the noncollinear spin 
accumulation in NM resistor could leak out more effi- 
ciently with tunnelling contact comparing with metallic 
contact. It is known that the drift of the noncollinear 
spin accumulation across the FM/NM contact is domi- 
nated by G^/G 1 . 2 — For metallic contact, G 1 is compa- 
rable to Gli. For tunnelling contact, in spite that G 1 



is very small, GL still has similar magnitude to that in 
metallic contact, 30; Then, due to the fast leak of the non- 
collinear spin accumulation with tunnelling contact, R(9) 
decays more quickly when deviating from collinear con- 
figuration. In this case, AMR in NLSV could be more 
sensitive to the quantity p 1 . This makes an effective way 
to extract the mixing conductance Gl, from experiment 
with the tunnelling contacts. 

For both the metallic and the tunnelling contacts, we 
have R(90°) — shown in Figf^l which is due to the van- 
ishing voltage difference across FM2/NM contact when 
9 = 90°. This does not mean that the spin accumulation 
at the NM side of FM2/NM is vanishing. After the in- 
jection from FMl, the electrons will be polarized along 
mi at first. For 9 = 90°, the spin of electrons arriv- 
ing at the NM side of FM2/NM contact is perpendicu- 
lar to the magnetization of FM2. The induced voltage 
across FM2 /NM will not change when the magnetization 
of FM2 reversed. 

Spin Accumulation in NLSV: As the ImG 1 ^ re- 
lated term in Eq. is disregarded in metallic system, the 
spin accumulation uf (xjj at the NM side of FM2/NM 
is in the plane spanned by mi and ni2. Fig[3fa) presents 
the 9 dependence of the relative angle a between di- 
rection of u^(xj 2 ) and m 2 . As we discussed above, 
when 9 = 90°, FM2/NM is equivalent to an unpolar- 
ized contact and a = 90° is expected. FigG^b) gives 
the 9 dependence of the magnitude of [xj 2 ) normal- 
ized by the injected current I . The magnitude reaches 
its minima at 9 = 90° while gives identical value for 



6 





2 046 




1 


6 


l 1 l 1 l 1 l 1 


< 


2.045 






4 






5 


2.044 




CO 


2 






r-- 


2.043 
2.042 













o 






200 400 600 800 / 
. L(nm) / 


CO 


2.041 




(a) 
, i 








52 




1 i 




1 1 I 1 1 1 1 1 I : 


< 












D 


44 










■ 

o 


40 
36 










CO 


32 




(b) 
■ i 




" 



30 60 90 120 150 180 



e(°) 

FIG. 5: Angular dependence of spin torques on FM2 of NLSV 
with L=200nm, (a) for the metallic contact and (b) for the 
tunnelling contact. Inset of (a) gives the space L dependence 
of 5(0°). 



parallel(# = 0°) and antiparallel^ = 180°) configura- 
tions, which is quite different from that in LSV. Such 
discrepancy can be identified through the equivalent cir- 
cuit of LSV and NLSV as shown in Fig0J where the cir- 
cuits follow the collinear magnetic configuration of LSV 
and NLSV with rf a) = lf f / {crf (l) S F ) + l/G\ {l) and 

r N = 2l^ f /(a N S N ). 

For both types of spin valve, the spin accumulation in 
the normal metal equals to the potential difference be- 
tween node 1 and node 2 (see FigH}. In LSV, as the 
particle current flows from FM1 to FM2, the switching 
of magnetization of FM2 will interchange the resistors 
r^ 2 and r^ 2 , which could change the potential on node 
1 and node 2. However, in NLSV, the electrical current 
I flows from electrode A to electrode B and no net elec- 
trical current flows to the detection lead FM2, namely, 
electrode C. Only spin current, which is denoted as I s , 
flows to F2. It is obvious that the interchange of r^ 2 

and r^ 2 in Fig[4|b) do not affect the current I s . As a re- 
sult, the potential difference between nodes 1 and 2 will 
not be changed. In non-collinear magnetic configuration 
of NLSV, the equivalent circuit in Figl^b) is not valid 
anymore. Due to non-collinear transport, more channels 
will be opened 21 and new resistors could directly connect 
the node 1 and node 2. The potential difference will be 
changed with variation of the direction of FM2. 

STT in NLSV: The spin accumulation near the 
FM2/NM contact could induce a STT on the detection 
lead FM2. For the metallic and tunnelling contacts, we 



have calculated 5(6) and presented the results in Figj5] 
Even though r is always zero when two magnetization 
are aligned collinearly, (5(0°) and (5(180°) show nonzero 
values as in LSV. For typical space of L — 200nm, the 
STT obtained is smaller than that in LSV^ but still 
in the same order of magnitude. The spin-flip scatter- 
ing in NM could suppress STT as the space L increases. 
The space L dependence of S(0°) is shown in the inset of 
FigGJa). As we can see, sizable STT could be expected 
even in NLSV with L comparable or less than 1^ which is 
700nm in this study. The S in the NLSV with tunnelling 
contacts could be even larger because in this case the con- 
tact dominates the spin transport and with higher spin 
injection efficiency^ the spin accumulation in the normal 
electrode is essentially enhanced per unit current. 

Interestingly, the spin torques in NLSV still change 
their signs when the injected current is reversed. As the 
electrical (electron) current I injected from electrode A 
to B as shown in FiglDJb), for the materials we discussed 
(r+ < rf), spin accumulation parallel to mi could be 
built up in NM, which will exert STT to FM2. When 
we reverse the current I , electrons come from electrode 
B to A and the spin dependent reflection at FM1/NM 
contact will built up a spin accumulation antiparallel to 
mi in NM. So the STT changes it sign. 

Contrasting to the STT in LSV^ 8(9) is symmetrical 
for the parallel and antiparallel magnetic configuration of 
FM1 and FM2. See Eq. p^|) . the symmetry comes from 
the symmetrical angular dependence of (xj 2 ) shown 
in Figj3{b). This implies that the critical current should 
be identical for parallel to antiparallel and antiparallel to 
parallel. 

Switching behavior in the NLSV has been observed by 
Kimura et al.j2£ even though they only observed antipar- 
allel to parallel switching, where the NM lead in FigQ]is 
replaced by a NM cross and the FM leads are placed on 
two opposite arms of the cross. The spin accumulation 
could leak from those arms not in contact with ferromag- 
netic leads. Therefore, the magnitude of STT could be 
2-3 times weaker than that in NLSV discussed here. 



IV. SUMMARY 

Based on the diffusion equation and magnetoelectronic 
circuit theory, the non-collinear spin transport in NLSV 
is treated analytically and numerically in the diffusive 
regime. The analytical expression of AMR defined in 
NLSV is derived. For the system with metallic contacts, 
the AMR gives a cosine function like angular dependence. 
For the system with tunnelling contacts, the AMR shows 
complicate angular dependence and could be used to ex- 
tract mixing conductance from experiment. The STT in 
NLSV has the same order of magnitude as that in LSV 
but shows qualitative difference in the angular depen- 
dence. The STT in NLSV is found to be symmetrical 
when the two FM leads parallel and antiparallel to each 
other. The symmetry comes from the fact only spin cur- 
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rent flows across the detection lead. Our study implies 
that the critical current of magnetization switching in 
NLSV could be identical for parallel configuration and 
antiparallel configuration. 
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